ABSTRACT A microfluidically frequency-reconfigurable microstrip patch antenna and an array are proposed in this paper. The reconfiguration performance is realized to be frequency-hopping by inserting polypropylene tubes, which act as microfluidic controllers selectively filled with deionized (DI) water between the patch and ground plane. It is a low-cost and environment-friendly choice for frequencyreconfigurable microwave devices and low profile patch antennas. Remarkably, controllability of the frequency-hopping range, number of hopping frequencies and hopping states in the proposed design can be obtained by adjusting the locations and numbers of the tube. With this feature, the hopping range of the operating frequency can be effectively enlarged using as few tubes as possible through choosing appropriate positions for adding the tubes. To verify the proposed concepts, the experimental prototypes of a patch antenna and an array are designed, fabricated and measured, and the simulated and measured results are presented, showcasing good agreement.
I. INTRODUCTION
Reconfigurable microwave devices are increasingly demanded in the new generation of high-performance wireless platforms, which provide adaptive, multifunctional radios for wireless sensing and communications systems. Accordingly, as the key devices to transmit or receive signals, reconfigurable antennas have attracted significant attention.
Many techniques to make the antenna reconfigurable, such as using semiconductor diodes (varactor or PIN diodes) [1] - [12] , MEMS switches [13] - [15] , liquid metal (for example, Galinstan, eutectic gallium and indium (EGaIn)) [16] - [18] , and other materials [19] , have been presented in the past numerous literatures. Varactorloaded reconfigurable antennas are often realized by adding voltage-controlled diodes to change the electrical sizes of the radiation elements so that the agility of operation frequency can be achieved. Switching antennas using the PIN diodes or the MEMS switches show switch-off/on state for some applications. Reconfigurable antennas based on liquid metal usually utilize special liquid alloy pneumatically actuated via mechanical pumps, contact pressure or electrical potential to change RF current paths. Some other methods are studied as well, such as using ferrite substrates [20] , partially magnetic film [21] , tunable electromagnetic bandgap substrates [22] , or liquid crystal mixture [23] . Nevertheless, the employed active devices or tunable substrates need bias voltage or current to realize variation of electrical parameters or properties. These methods not only cause power consumption, but also introduce the nonlinearity by generating new frequency components. The biasing circuits also increase the complexity of the system. Moreover, the risk of an electrical breakdown for them can also limit the resultant antennas in high-power applications. Recently, microfluidic tuning methods are found promising for reconfigurable microwave applications, such as for linear phase shift [24] and frequency agility [25] - [27] . These methods utilize microfluidic channels instead of biasing mechanisms in reconfigurable devices and provide them with highly linear behavior. Specially, deionized (DI) water as typical microfluidic material has also been popularly utilized in radio frequency (RF) devices because of its low cost, easy access, and safety [26] - [28] .
The frequency-reconfigurable characteristics include continuously tunable, switchable [1] - [3] or hopping [13] - [15] operation frequencies. Tunable and switchable devices are reported more popularly than frequency hopping antennas. But frequency hopping technology is the major means of anti-interference in wireless communication, particularly in the military communication. From a hardware point of view, antennas have two developing trends to respond to the requirement of this technology, i.e. wideband and frequency-hopping antennas. Compared with the former, frequency-hopping narrowband antennas occupy less spectrum resources and resist more disturbing signals.
Plenty of reconfigurable microstrip patch antennas have been explored and widely applied in modern wireless systems due to patches' advantages such as low profile, light weight and low cost [10] - [12] , [20] - [22] , [28] - [31] . The reported designs focus on tunable and switchable microstrip patch antennas using the semiconductor diodes or switches loaded to the patch. In this paper, a frequency-hopping patch antenna using DI water as microfluid instead of electrical devices without additional biasing circuits or destruction of the shape of the patch is proposed. Integrated polypropylene tubes, as microfluidic channels with DI water flow controlled by micropumps, offers a reversible and environment-friendly manner to vary the operation frequency. The varying range under a certain number of tubes is controllable because the location to add channels affects the effective dielectric constant in different degrees, highly depending on the electric field distribution. The proper amount of pumped DI water tubes also changes the effective dielectric constant. Thus the frequency-hopping range, the number of hopping frequencies and hopping states can be obtained by adjusting the locations and numbers of the tubes in the proposed antenna design. Fig. 1 is a topology of the proposed microfluidically frequency-hopping microstrip patch resonator. The resonator is designed on a pair of suspended Rogers 4003C substrates, noted as Substrate A and B respectively, with dielectric constant ε r = 3.38, loss tangent tanδ = 0.0027, the thickness of each substrate T = 0.813mm. The patch element with size of l × w is located on the top of Substrate A and the top copper cladding of Substrate B acts as the ground plane. The potential fundamental mode can be excited in term of TM z 100 mode with the resonant frequency [31] , [32] 
II. ANALYSIS OF MICROFLUIDICALLY CONTROLLED MICROSTRIP PATCH RESONATOR
where λ g is the guided wavelength at f 0 , ε eff r is the effective relative dielectric constant, and ε 0 and µ 0 is the vacuum dielectric constant and permeability. In this study, to obtain a maximum gain of the antenna larger than 6.5 dBi within the hopping operating frequency range and the highest frequency lower than 2.0GHz in the subsequent design, the dimensions of the patch are chosen as l = 60mm and w = 90mm with 120mm × 140mm substrates' size. The longer edges with the length w are selected to act as the radiation sides.
It is seen from (1) that the resonant frequency depends on the effective dielectric constant ε eff r in a structure with given dimensions. Thus in this design, several tubes acting as microfluidic channels with guided small volumes of microfluid are added between the patch and the ground for frequency agility. Pure DI water is used in this study with dielectric constant of 81, and dielectric loss tangent 0.04, where the slight changes of electrical parameters against operating frequency are neglected in our reconfigurable frequency range. The tubes are made of polypropylene with dielectric constant ε r = 2.3, loss tangent tanδ = 0.0004, outside diameter R out = 4.5mm, and inside diameter R in = 3.5mm. All the tubes are symmetrically placed to ensure the distribution fields symmetrical, and noted in turn as I(I ), II(II ) . . . as shown in Fig. 1 (a) . Without tubes, the resonant frequency of the operating mode keeps at 2.04GHz. Inserting tubes filled with DI water, the resonant frequency is reduced due to the enlargement of ε eff r . Thus, the frequency hopping performance of the antenna can be achieved. For given microfluidical tubes, there are two factors to influence the frequency-hopping range, number of hopping frequencies/states, which will be discussed in the following parts.
A. POSITION OF THE MICROFLUIDIC TUBES
The capability of frequency agility depends on the locations of placing the tubes against the distribution of electric fields of the patch resonator. According to the relationship between VOLUME 5, 2017 the electric field intensity and electric flux density
where D is the electric flux density and E is the electric field intensity. Inserting tubes with or without DI water into the suspended region changes the ε eff r of the loading region. According to the Wheeler's cavity model [31] , the electric fields of TM z 100 mode inside the formed cavity between the patch and the ground plane can be approximately described as (4) and Fig. 2 indicate that the maximum electric field intensity appears along x = ±l/2, i.e. the radiation edges with the length of w. The field intensity decreases in sinusoidal variation as |x| decreases from l/2 to 0, and exponentially decreases as the distance increase from l/2 to infinity, respectively. Thus, the electric fields along x = 0 and |x| l/2 are zero approximately. In order to investigate how the locations of the tubes control the frequency-hopping range, only one pair of tubes is symmetrically added into the patch resonator firstly. The two tubes filled with DI water are added along y-direction and separated gradually from the middle line to the edges of the substrate with l 1 from 2.25 (R out /2) to 60mm, where l 1 is defined in Fig. 3 . The variation trend of the resonant frequency against the distance l 1 is depicted in Fig. 3 . The resonant frequency decreases from 2.038GHz with l 1 increasing from 0mm, and arrives the minimum at 1.612GHz when l 1 = 30mm = l/2. When the two tubes are located under the patch outside edges, the resonant frequency reaches the minimum. And then it increases rapidly with l 1 increasing from 30mm to 40mm, and remains stable near 2.04GHz with larger l 1 . The comparison of empty pumps with different locations is also displayed in Fig. 3 . When only one pair of tubes are placed with l 1 = 30mm = l/2, the resonant frequency reduces to 1.9GHz, meaning the largest hoping range reaches 288MHz (from 1.612 to 1.9GHz).
This phenomenon proves that the effects of DI water on ε eff r are related to the distribution of electric fields, as mentioned before. In the region of locating the tubes with DI water, the stronger the electric fields, the larger ε eff r the DI water brings. When added under the radiation edges of the patch where the maximum electric fields appear, the DI water influences ε eff r most, while put along y-aixs or far away from the patch, it has little effect. The ε eff r with different positions of DI water is also shown in Fig. 3 . It means that the tunable frequency range can be controlled by placing tubes in different positions.
B. NUMBER OF THE MICROFLUIDIC TUBES
There is no doubt that the number of hopping frequencies can increase by inserting more microfluidical tubes. In order to keep the symmetry of the patch, the tubes are placed and pumped with DI water symmetrically as mentioned above. If the total number of the tubes is noted as n, the number N of hopping frequencies can be described as N = 2 n/2 . Combining the number of the microfluidical tubes together with their positions can offer lots of different hopping states. The lower limiting frequency of the proposed patch resonator is 0.72GHz and 2 9 = 512 hopping frequencies can be offered when the suspended region of |x| ≤ 40mm is full of eighteen tubes.
III. ANTENNA DESIGN A. MICROFLUIDICALLY FREQUENCY-RECONFIGURABLE MICROSTRIP PATCH ANTENNA
An experimental microfluidically frequency-reconfigurable antenna is designed accordingly. The prototype is fabricated and measured, and the photographs are shown in Fig.4 . A probe is vertically utilized through the structures with an SMA connector to feed the patch. The location of the probe is adjusted for impedance matching with l f = 7.6mm when the antenna is unloaded with microfluidic tubes. It is integrated with two pairs of tubes along y-direction, in order to effectively enlarge the tunable range of the operating frequency VOLUME 5, 2017 using as few tubes as possible. One of the pairs is placed under the radiation edges of the patch with l 1 = 30mm. The other pair is added next to it, avoiding overlap with the feeding probe at the same time, with l 2 = 21.75mm.
Each tube can be filled with or without DI water flow controlled by micropumps, and the state with DI water is described as ''1'', otherwise as ''0''. There are four symmetrical states of the two pairs, ''0000'', ''0110'', ''1001'', and ''1111''. Accordingly, four controllable operation frequencies of the antenna are obtained, as shown in Fig. 5 . Fig. 6 displays the simulated and measured normalized patterns in the E-and H-plane at different operating frequencies, corresponding to the four states. The patterns are measured inside an anechoic chamber with a farfield antenna measurement system. Patterns under the four states in both the E-and H-planes are unidirectional and almost symmetrical. The measured backlobes are all smaller than −18 dB, and the measured cross polarizations are also lower than −18 dB. The slight difference between the measured and simulated radiation patterns is mainly due to the fabrication and measurement tolerances. Main features of the designed microfluidically frequencyreconfigurable microstrip patch antenna are depicted in Table 1 . The simulated and measured controlled frequency ranges are 474MHz and 470MHz, respectively. Both simulated and measured impedance bandwidths change slightly under different states. The simulated and measured radiation efficiencies decrease when the radiation frequency reduces due to several reasons. First, with the volume of water used increasing, the absorption from water increases. Secondly, the efficiency decreases with increasing ε eff r or decreasing operation frequency [30] . The measured radiation efficiencies are shown lower than the simulated ones because the port and assembling losses introduce more dissipated power. 
B. MICROFLUIDICALLY FREQUENCY-HOPPING MICROSTRIP PATCH ANTENNA ARRAY
A four-element microstrip patch antenna array of the elements introduced previously is developed to highlight the advantage of microfluidically frequency-hopping performance and to improve the gain. Fig.7 displays the photographs and dimensions of the array. The 4×1 antenna array, with the interelement spacing of d = 126mm (0.67λ 0 at 1.59GHz which is the center frequency of the hopping range from 1.350 to 1.830GHz), are etched on the top of Substrate A to ensure that the radiation sides of the elements are in two lines. The arrangement facilitates the implementation of loading microfluidical tubes and enhances the direction of E-plane. The impedance matching is achieved under the state of ''0000'' here with l f = 12mm. and the tubes are located with the dimensions of l 1 = 27.75mm and l 2 = 23.25mm, which are different from the tubes' locations in the antenna example. A cascade Wilkinson power divider provides four power allocations for the elements. The power divider has a 67.8% (1.15GHz-2.33GHz) 10-dB impedance bandwidth with more than 15-dB isolation and less than 0.4-dB insertion loss, as shown in Fig. 8 .
The measured and simulated reflection coefficients of the proposed array are shown in Fig. 9 . The frequency-hopping range is 30.2%. As shown in radiation efficiencies decrease with the operating frequency reduces. The measured and simulated radiation patterns displayed in Fig. 10 indicate that measured backlobes are smaller than −18 dB, and the cross polarizations are lower than −20 dB under each state.
IV. CONCLUSION
A method to design microfluidically frequency-hopping microstrip patch antennas and arrays has been demonstrated. The effective dielectric constant of the region between the patch and the ground plane in the proposed antenna and array can be selectively adjusted by pumping pure DI water into microfluidic controllers which is realized by polypropylene tubes inserted into the region. Thus the proposed antenna and array have achieved a frequency-hopping performance. The hopping range, number and states controlled by the position to add the tubes and number of the tubes have been investigated on the basis of distribution of electric fields. Experimental prototypes of a microfluidically frequency-hopping microstrip patch antenna and array have been demonstrated. The measured and simulated results agree well with each other. The presented concept is a low-cost, environmentfriendly and passive solution of frequency-reconfiguration for antennas without increasing the size or etching the radiation element.
